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A tunable negative refractive index metamaterial and miniature phase shifter have been designed
and fabricated in a microstrip configuration for applications in radio frequency integrated circuits.
The metamaterial consists of plasmonic copper wires and yttrium iron garnet slabs having a low
insertion loss of 5 dB at the center of the transmission band. The yttrium iron garnet material
enables the magnetic field tuning of the negative refractive index in a dynamic frequency band from
7.0 to 11.0 GHz. The insertion phase can be tuned by 45° continuously by varying the bias field
from 3.8 to 4.6 kOe at 9.0 GHz. © 2008 American Institute of Physics. �DOI: 10.1063/1.3025303�

The growth in rf and wireless mobile devices that oper-
ate at microwave frequencies has resulted in considerable
demands for advanced materials and integrated circuits ca-
pable of operating at such frequencies in order to accomplish
functions such as phase shift, frequency division, attenua-
tion, isolation, and circulation for antennas. GaAs and
silicon-based integrated circuit �IC� technologies have been
commonly used in radio frequency ICs �RFICs� for telecom-
munication and sensor systems.1 Silicon-based digital and
analog microelectromechanical system phase shifters have
been designed for beam steering phased array antenna
systems2 and recently attempts have been made to design
superconducting phase shifting elements.3 Demands for size
reduction and performance improvement in microwave links,
phased arrays, radars, and remote sensing applications call
for the development of advanced materials and miniature
devices.

Recently developed artificial negative refractive index
metamaterials �NIMs� have made available innovative rf de-
vice designs by taking advantage of the unique left-handed
electromagnetic properties of these materials.4–13 However,
the widely adopted metallic split ring resonator �SRR� based
NIMs are limited by inherent narrow bandwidths and lack
the ability to frequency tune essential properties. In order to
obtain negative refractive index at various frequencies, one
would have to change the periodicity and size of the ele-
ments. Alternatively, magnetic materials have been recently
used to fabricate tunable NIMs �TNIMs�14–17 which possess
negative refractive index bands tunable over wide frequency
regions. In these designs, magnetic materials provide nega-
tive permeability at frequencies above their ferrimagnetic
resonance �FMR�. Notwithstanding their unique properties
and frequency agile nature, these TNIMs were waveguide
based and are incompatible with microwave integrated and
printed circuit board designs.

A key aspect of the present research is the development
of a planar microstrip TNIM that can form an integral part of
TNIM-based RFIC devices such as a tunable phase shifter. In
this letter, we report the design, fabrication, and test of a
microstrip TNIM and phase shifter. Magnetic field tunable

passbands resulted from negative refractive index were real-
ized in X-band �7–12.5 GHz�. Both simulated and experi-
mental data show tunable passbands resulting from negative
refractive index. Although the reported TNIM composite has
a minimum 5 dB insertion loss mainly due to impedance
mismatch and magnetic loss, this work would enable further
developments of TNIM-based RFIC devices, including pla-
nar transmission lines, coplanar waveguides, compact delay
lines, circulators, phase shifters, and antennas.

As shown in the schematic of Fig. 1�a�, the TNIM is
composed of two alternate layers of periodic copper wires
etched on laminated Kapton™ substrates and polycrystalline
yttrium iron garnet �YIG� slabs. Polycrystalline YIG slabs
�real part of relative permittivity, �r�=15.0�, cut and polished
from high density bulk material, were used. The linewidth of
the YIG material, �H, is 50 Oe whereas the saturation mag-
netization, 4�Ms, is 1750 G. Although polycrystalline YIG
has higher absorption near its FMR than single crystal YIG
due to a larger linewidth, it provides a wider frequency re-
gion between its FMR and antiferrimagnetic resonance
�AFMR� where the permeability remains negative. This fea-
ture helps achieve a broader NIM passband. Periodic copper
wires on Kapton™ ��r�=3.9� were prepared by wet etching
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FIG. 1. �Color online� �a� Schematic top and side views of the 10.0�2.0
�1.2 mm3 TNIM composite. �b� Photograph of the microstrip test fixture, a
5�25 mm2 upper strip on the brass ground base relative to a U.S. quarter
provided for a visual size comparison. The TNIM composite is mounted
under the center of the upper strip.
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lithography using Dupont copper clad Kapton™ sheets. My-
lar™ ��r�=3.2� spacers were cut from large sheets. The di-
electric loss tangents of YIG, Kapton™, and Mylar are rather
small and negligible in this design. All the components were
glued together using Krazy Glue™.

The two Mylar™ pieces act as spacers between the wires
and YIG slabs. The thicknesses of YIG slabs, Kapton™ sub-
strates, and Mylar™ spacers are 0.70, 0.15, and 0.25 mm
respectively. The copper wires have a length of 1.2 mm, a
cross section of 0.025�0.3 mm2, and a center to center
spacing of 1.0 mm. The height of the composite TNIM is
1.2 mm, which is also the vertical distance between the up-
per strip and the ground plane of the microstrip. The
10.0 mm long TNIM composite is mounted under the center
of the upper strip with the rf electrical field and dc magnetic
bias field along the long axis of the copper wires. In this
assembly, the TNIM composite and air at the two ends act as
substrates for the microstrip. Figure 1�b� is the photograph of
the microstrip test fixture, the 5�25 mm2 brass upper strip
on the ground base, positioned relative to a U.S. quarter to
allow for size comparison.

In order to elucidate and demonstrate the validity of the
TNIM design, the transmissions in the TNIM composite,
YIG slabs, and copper wires are compared in finite element
simulations using the Ansoft Inc. HFSS™ software suite as
shown in Fig. 2. The applied magnetic bias field for the
TNIM composite and YIG slabs is 3.5 kOe. Without the ap-
plication of a magnetic bias field, the plasmonic effect of
copper wires dominates, providing a negative permittivity so
that there is no transmission below the plasma frequency
�green line�, which is designed to be much higher than
10 GHz. In the case of YIG slabs �red line�, the dip in the
region 7.7–8.4 GHz clearly indicates the FMR which results
in negative permeability. Therefore, the broad transmission
peak of the TNIM composite �blue line� is a result of nega-
tive refractive index.18 The dip near 9 GHz is attributed to
the AFMR of the YIG material.19

A key advantage of the TNIM design is the magnetic
field tunability of the passband over a wide range of
frequency. In Fig. 3�a�, the simulated transmissions of the
TNIM composite under 3.0, 3.5, and 4.0 kOe show a clear
frequency shift of the passband which is confirmed in
measurements as shown in Fig. 3�b�. As can be seen from
Figs. 3�a� and 3�b�, the simulated and measured results
match very well validating the control achieved in the design
on the TNIM and the dynamic bandwidth. The minimum
insertion loss is around 5 dB. It is mainly due to the mag-

netic loss, eddy current loss, and impedance mismatch. The
instantaneous bandwidth obtained is 1.0 GHz at a fixed bias
field and the dynamic bandwidth is 2.3 GHz with a 1.0 kOe
change in bias field. For comparison, the bandwidths of tra-
ditional SRR based NIM structures are generally smaller
than 1.0 GHz.20 In Fig. 3�c�, the curve of the center fre-
quency of TNIM passband versus the bias field is plotted.
The center of TNIM passband is tuned linearly from 7.6 to
10.7 GHz by varying the bias field from 3.0 to 5.5 kOe, re-
sulting in a tuning factor of 1.2 MHz /Oe.

One significant feature of the TNIM is the realization of
transmission on the high frequency side of the FMR, where
the permeability of the YIG materials is negative and
changes rapidly. At a fixed frequency in this region, by vary-
ing the bias field, the TNIM composite would experience a
rapid change in permeability which can generate a change in
the refractive index, propagation constant, and insertion
phase. Therefore, a magnetic field tunable phase shifter
based on the TNIM can be realized. In Fig. 4, the experimen-
tal performance of the TNIM composite as a phase shifter at
9.0 GHz is presented. The field tuning of the insertion phase
at 9.0 GHz shows a shift of 45° as the applied bias field
varies from 3.94 to 4.58 kOe. The corresponding transmis-
sion in the TNIM varies from −6 to −10 dB as the result of

FIG. 2. �Color online� Simulated transmissions of the TNIM composite
�blue circle�, YIG slabs �red line�, and Cu wires �green line�. The magnetic
bias field applied to the TNIM composite and YIG slabs is 3.5 kOe.

FIG. 3. �Color online� �a� Simulated and �b� measured 1.0 GHz wide TNIM
passbands of over −8 dB transmission centered at 7.5, 8.0, and 8.8 GHz at
magnetic bias fields of 3.0, 3.5, and 4.0 kOe, respectively. �c� Center fre-
quency of the TNIM passband increases linearly from 7.6 to 10.7 GHz with
the bias field changing from 3.0 to 5.5 kOe.
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the change in wave impedance owing to the change in effec-
tive permeability. The tuning factor obtained is 70 deg /kOe.

In conclusion, we have constructed a wide band micros-
trip TNIM using copper wires and polycrystalline YIG slabs
that operates in X-band. The 1.0 GHz wide instantaneous
TNIM passband, having a peak transmission of −5 dB, is
tunable between 7.6 and 10.7 GHz by changing the bias field
from 3.0 to 5.5 kOe. The TNIM composite can perform as a
tunable phase shifter where the insertion phase shifts 45° for
a field change of 0.64 kOe. The 10.0�2.0�1.2 mm3 TNIM
composite is compact, mechanically robust, and compatible
with planar microwave devices. Although the TNIM design
still face the challenge of high insertion loss, this technology
provides unique properties such as wide band and continuous
frequency tunability of negative refractive index, which can
enable designs and developments of innovative devices with
enhanced functionality in small and lightweight constructs.
Furthermore, using this device configuration on a multifer-
roic substrate has the potential to allow for electric field tun-
able phase shifters which are small, light, and operate be-
yond today’s performance metrics. Such a device would
enable real time beam steering of phased array radar among
other RFIC applications.
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FIG. 4. �Color online� Measured phase shift and corresponding transmission
vs the magnetic bias field of the TNIM composite at 9.0 GHz. The insertion
phase shifts 45° while the transmission varies from −6 to−10 dB.
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